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NEW VIEWS OF THE see Sy OF THE VOLATILE MATTER 


By S. H. Karz. 


INTRODUCTION. 


The Bureau of Mines is analyzing and testing fuels belonging to or 
for the use of the Government with the purpose of determining how 
these fuels may be utilized most efficiently. This paper is one of a 
series dealing with the volatilization of the hydrocarbons in coal 
and the burning of the volatile matter in the combustion space of the 
furnace. : 


CHEMISTRY OF VOLATILIZATION OF COAL MATTER. 


PHYSICAL INFLUENCES. 


When coal is heated it begins to evolve gaseous and liquid matter 
at temperatures which may be as low as 250°C. The rate of evolu- 
tion increases with the temperature and at 350° is rather rapid; at 
450° the rate is much more rapid and it increases at still higher 
temperatures; > at temperatures above 550° the rate begins to decline. 
‘Experiments have shown that in the distillation of bituminous coal 
the reactions that occur in the coal at temperatures below 750° C. 
collectively absorb heat, but those at temperatures above 750° C. 
evolve heat.¢ 

The rate at which the volatile matter in coal distills is dependent 
only on the rate at which heat is supplied, and the heating of a coal 
particle to 900° or 1,000° C. is possible only on condition that evolu- 
tion of all the volatile matter simultaneously accompanies the rise 
in temperature.¢ The same relation undoubtedly holds in large 
masses of coal if each particle of a mass be considered by itself. The 
aggregate effect of heat in a large mass as compared with the effect 
on a separate small particle is modified by the low heat conductivity 


@Taylor, G. B., and Porter, H. C., The primary volatile products of the carbonization of coal: Tech. 
Paper 140, Bureau of Mines, 1916, 59 pp. 

b Capps, J. H., and Hulett, G. A., The distillation of coal under pressure: Jour. Ind. Eng. Chem., vol. 9, 
1917, pp. 927-935. 

¢ Hollings, H., and Cobb, F. W., A thermal study of the carbonization process: Jour. Soc. Chem., 
vol. 107, May 17, 1915, pp. 1106-1115. 

@ Taylor, G. B., and Porter, H. C., The primary volatile products of the carbonization of coal: Tech. 
Paper 140, Bureau of Mines, 1916, 59 p. 
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6 COMBUSTION OF VOLATILE MATTER IN COAL. 


of coal, 0.00043,2 and coke, 0.00044, and by the heat absorbed by 
the surface layers of the coal in heating them to the higher tempera- 
tures and in distilling the volatile matter from them. 


PRIMARY PRODUCTS OF DISTILLATION. 


The volatile products come from decomposition of the materials 
that form the coal substance. Merely a few of those materials that are 
found in very small amounts in coal appear in the volatile products ¢ 
and they appear as traces only. 

Coal decomposed by heat yields certain hydrocarbons that exist 
at ordinary temperatures as both liquids and gases. Only recently 
has it been fully recognized that primary products are evolved first 
and that these undergo further decompositions and reactions among 
themselves to produce a series of secondary products. The tars and 
gases from the distillation or burning of coal are mixtures of all 
these products, most of them usually being secondary products. 
Lewes ¢ said of this: ‘‘It seems more than probable that the primary 
products of decomposition of coal are * * * methane, carbon 
dioxide, and water, plus those compounds formed by the rising 
temperature and consisting of the first 9 or 10 members of the 
paraffin series, naphthenes, and oxygenated hydrocarbons like cre- 
sylic acid.” 

The constituents of the gaseous products of coal distillation are 
well known, but only recently has the nature of the liquid primary 
products been determined. On distilling coal in vacuum at a low 
temperature, 430° C., a procedure that yields unchanged primary 
products, 6.5 per cent of the weight of a bituminous coal was obtained 
as tar... Of this tar 50 per cent was a pitch residue and 50 per cent 
an oil separated by distillation to 300° C. The oil consisted of: 
40 to 45 per cent ethylenic hydrocarbons, 40 per cent naphthenes 
and liquid paraffins, the former greatly predominating; 12 to 15 per 
cent phenols, chiefly cresols and xylenols; 7 per cent aromatic hydro- 
carbons, apparently homologs of naphthalene though no naphtha- 
lene seemed to be present; a solid paraffin in small quantity; and 
pyridine bases in small quantity. Benzene and its homologs, as well 
as anthracene, carbon disulphide, and solid aromatics were absent. 

This.work, and subsequent work of the same nature,‘ have proved 
the accuracy of Lewes’s early statement. 


a Hecht, H., F E. Neumanns Methode zur Bestimmung der Warmeleitungsfihigkeit schlecht leitende 
K6rpe in Kugel und Wurzelform and ihre Diirchfiihrung an Marmor, Glas, Sandstein, Gyps, sowie an 
Serpentin, Basalt, Schwefel, Steinkohle: Ann. Phys., Bd. 14, Aug. 23, 1904, pp. 1008-1030. 

b Richards, J. W., Metallurgical calculations; 2nd ed., part 1, 1910, p. 184, 

¢ Pictet, A., Ramseyer, L., and Kaiser, O., Sur quelques hydrocarbures contenus dans la houille: Compt. 
rend., t. 163, Oct. 9, 1916, pp. 358-361. 

d Lewes, V. B., The carbonization of coal: Jour. Royal Soc. Arts, vol. 60, Jan. 12, 1912, pp. 216-226. 

e Jones, D. T., and Wheeler, R. V., The composition of coal: Jour. Chem. Soc., vol. 105, 1914, pp. 140-151. 

J Taylor, G. B., and Porter, H. C., The primary volatile products of the carbonization of coal: Tech. 
Paper, 140, Bureau of Mines, 1916, 59 p. 
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DISPOSAL OF PRIMARY VOLATILE MATTER. 7 


Experiments * have also shown that the portions of the primary 
decomposition products of coal which are the less volatile liquid and 
_ solid matters of the tar are all evolved from the coal between the 

temperatures of 300° and 600° C. 

Although the experiments mentioned show the nature of the reac- 
tions and the character of the primary volatile matter evolved from 
coal heated out of contact with air, there is every reason to believe 
that the same changes occur in a coal fire. The fate, or disposal, of 
the volatile matter in the fire requires further explanation. 


DISPOSAL OF THE PRIMARY VOLATILE MATTER. 
MECHANISM OF THE COMBUSTION OF HYDROCARBONS. 


Just as soon as any one of the various substances composing the 
primary volatile matter is evolved in a fire it can follow one of sev- 
eral routes of disposal. The route taken by any constituent will 
depend on the existing environment, including chemical associations. 
Little difficulty is found in directing the combustion of the hydro- 
carbons of small molecular weight, such as methane, ethane, and the 
like, along the path that leads to complete transformation to carbon 
dioxide and water vapor. But as the molecular weights of the con- 
stituents increase there arise correspondingly increased difficulties in 
maintaining the conditions under which the constituents so trans- 
form themselves. 

Moreover, even under the most favorable conditions, the mechanism 
of the most direct process of combustion is exceedingly complex. 
Hindrances, such as abortive side reactions or cracking, lead from the 
direct course of combustion and produce substances more difficult to 
burn. Sootissuch asubstance. Studies of the combustion of hydro- 
carbons of low molecular weight give an insight into the courses or 
mechanism of the reactions and the part played by cracking. 

Bone ® has described three ideas or theories of the mechanism of 
combustion of hydrocarbons and the experimental evidence on which 
they were based. 

The first theory states there is a primary and preferential burning 
of hydrogen, as expressed by the equation: 


2C,H, + O, =4C + 2H,O 
Free carbon is liberated. This theory, which held sway as a chem- 


ical faith for fully 50 years and was supported by Graham and Far- 
aday, was finally overthrown in 1892. ¢ 


« Berry, O. C., Tar-forming temperatures of American coals: Univ. Wisconsin, Bull. 365, 1914, 74 pp. 

> Bone, W. A., Explosive combustion with special reference to the hydrocarbons: Chem. News, vol. 97, 
dated Feb. 28, published Apr. 24, 1908, pp. 196-198, 212-215. 

¢ Smithells, A., and Ingle, H., The structure and chemistry of flames: Jour. Chem. Soc., vol. 61, 1892, 
pp. 204-216. Smithells, A., Note on the structure of luminous flames: Jour. Chem. Soc., vol. 61, 1892, 
pp. 217-226, 
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The second theory states that the carbon is preferentially burned 
to carbon monoxide and that the hydrogen remains to combine with 
excess oxygen. In 1861 it was stated that “before any portion of 
the hydrogen is burnt, all the carbon is burnt to carbonic oxide and 
the oxygen then divides itself between the carbonic oxide and 
hydrogen.” @ 

Smithells and Dixon? gave this theory impetus by reviving and 
indorsing it in 1892. Dixon had found that a mixture of ethylene 
and oxygen in equal volumes react thus: 


C,H, +0, =2CO + 2H, 
1lvol. lvol. 2vols. 2 vols. 


Although this reaction had been discovered by Dalton nearly 60 years 
previously, it had been overlooked until found again and revived in 
1892. 

The third theory, which is the one held to-day, declares that there 
is no preferential combustion of either constituent. Preferential com- 
bustion may suggest reactions for small molecules but not for large 
ones. The modern theory holds that there is first an association of 
the hydrocarbon and oxygen which may produce unstable compounds 
that decompose to form other substances and that oxidation and 
decomposition progress to complete combustion. 

From the study of slow combustion at 250° to 350° C., Bone* has 
deduced the following scheme to show the mechanism: 


CH,-CH,—CH,-CH,OH—CH,-CH(OH), 
1,0 +CH,-CHO— 
CO +H,0 + H-CHO—H-COOH—CO(OH), 


CO+H,0 60,+H,0 
He says: 


At the higher temperatures of flames secondary thermal decompositions undoubt- 
edly come into operation at an earlier stage and play a more important réle than in 
slow combustion, but they do not preclude the onslaught of the oxygen upon the 
hydrocarbon, but arise in consequence of it. * * * The views I have put forward 
afford a simple and consistent interpretation of hydrocarbon combustion, whether it 
be the slow, flameless kind discovered by Davy or the more complex phenomena of 
ordinary flames so wonderfully expounded by him, or, finally, the extreme conditions 
characteristic of the explosion wave. 


Bone’s theory gives a good view of hydrocarbon combustion under 
what may be termed the most favorable conditions. 


@ Kersten, O., Ueber die Natur des Leuchtens der Flamme: Jour. Prakt. Chem., Bd. 84, 1861, pp. 290-317. 

> Smithells, A., and Ingle, H., The structure and chemistry of flames: Jour. Chem. Soc., vol. 61, 1892, 
Pp. 204-216. : 

¢ Bone, W. A., Explosive combustion with special reference to the hydrocarbons: Chem. News, vol. 97, 
Apr. 20, 1908, pp. 196-198, 212-215. 
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CRACKING OF HYDROCARBONS. 


But when the lighter hydrocarbons burn under less favorable con- 
ditions and probably when the hydrocarbons of high molecular weight 
burn under any condition, the reactions among the hydrocarbons 
themselves may influence the results considerably. Recent investi- 
gations by Rittman and his coworkers and others of the thermal 
reactions of petroleum and coal-tar hydrocarbons, under conditions 
where no combustion takes place, have shown the nature and the 
course of these reactions and the conditions that affect them. 


CHARACTER OF THE REACTIONS. 


Rittman says the series of products formed by the cracking reac- 
tions is as follows: ¢ 


ey hyn) {Mh a saad 


it 


a a 
aphitalarie® ee etc. 
{ 


anthracene 


iT 


carbon and gas 


The reactions take place almost entirely in the forward direction.° 
Although the experiments from which Rittman reached his con- 
clusions regarding the order of reactions of the hydrocarbons were 
done under considerable pressure, Egloff and Twomey? subsequently 
showed that at atmospheric pressure the order of reaction is the 
same. At the same time they predicted that the temperature effect 
on the distillation of coal would undoubtedly give similar results. 
Since then Jones* has studied the temperature effect on the products 
of coal distillation. His results justify the predictions of Twomey 
and Egloff by showing that ordinary coal tar is formed from coal 
«Rittman, W. F.; Dutton, C. B.; and Dean, E. W., The manufacture of gasoline and benzene-toluene 
from petroleum and other hydrocarbons: Jour. Ind. Eng. Chem., vol. 8, Apr. 1, 1916, pp. 351-361. 
> Zanetti, J. E., and Egloff, G., in discussing the thermal decomposition of benzene (Jour. Ind. Eng. 
Chem., vol. 9, Apr. 1, 1917, pp. 350-356) have shown that naphthalene is not formed. 
¢ Rittman, W. F., Byron, O., and Egloff, G., Thermal reactions of aromatic hydrocarbons in the vapor 
phase: Jour. Ind. Eng. Chem. vol. 7, Sept. 8, 1915, published Dec. 1, 1915, pp. 1019-1024. 
@ Egloff, G., and Twomey, T. J., The effect of temperature on the formation of benzene, toluene, xylene, 
naphthalene and anthracene from petroleum at atmospheric pressure: Jour. Phys. Chem., vol. 20, Dec. 1, 
1915, published Feb., 1916, pp. 121-150. 


e Jones, D. T., Thermal decomposition of low-temperature coal tar: Jour. Soc. Chem. Ind., vol. 36, Jan. 
15, 1917, pp. 3-7. 
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at high temperatures chiefly as the result of the decomposition of a 
tar previously formed at low temperatures; and the mechanism of 
the process consists essentially in the naphthenes, paraffins, and 
unsaturated hydrocarbons present in the low-temperature tar decom- 
posing to form olefins of various carbon content, which condense 
to form aromatic compounds. 

It may now be accepted as true that the thermal reactions of the 
hydrocarbons of coal distillation are entirely analogous to those of 
the petroleum hydrocarbons; and the information given by the 
study of petroleum hydrocarbons may be applied to the distillation @ 
and combustion of coal. 

Although the series of hydrocarbons given (p. 9) shows carbon 
only as an end product, experience has shown that carbon is pro- 
duced from any of the intermediate substances by a probably direct 
process of ria aia The lightest hydrocarbons react the 
more slowly.° 

Methane subjected to a temperature of 1 300° to 1,325° C, for one 
hour decomposed almost entirely.° 

From experiments it was calculated that at the low temperature 
of 850° C. equilibrium between methane, hydrogen, and carbon 
existed with 1.59 per cent of methane and 98.41 per cent hydrogen 
present.? 

Ethane decomposed ‘‘phenomenally fast’’; all of it disappeared 
on passing rapidly through a tube heated to 1,140° to 1,185° C.¢ 

As regards the heavier hydrocarbons, the reaction 6C+3H,= 
C,H, at 900° ©. gives the constant K= ies 2.2 x 10-8, which 
means that the benzene-hydrogen-carbon equilibrium exists at a point 
where an exceedingly minute portion of benzene is present. If an 
excess of benzene over that required for equilibrium be present, the 
excess decomposes to form hydrogen and carbon till equilibrium is 
reached. All the hydrocarbons behave in a similar way. 


SPEED OF THE REACTIONS. 


An idea of the speed with which the heavier hydrocarbons are 
decomposed to carbon and hydrogen, may be had from the informa- 
tion obtained in commercial practice. Petroleum distillate, boiling 


a Whitaker, M. C., and Crowell, W. R., Effect of temperature and duration of reaction on the formation 
of light oils in coal carbonization at atmospheric pressure: Jour. Ind. Eng. Chem., vol. 9, Mar. 1, 1917, 
pp. 261-269. 

» Bone, W. A., and Coward, H. F., The thermal decomposition of hydrocarbons: Jour. Chem. Soc., vol. 
93, 1908, pp. 1197-1225. 

¢ Bertholet, M., Recherches sur la combinacion chemique; Sur l’emploi dutube chaud et froid dans I’étude 
des réactions chemiques: Ann. chim. phys., ser. 8, t. 6, 1905, pp. 174-195. 

d@ Mayer, M., and Altmayer, V., Ueber das Methangleichgewicht: Ber. deut. chem. Gesell, Bd. 40, 
Apr. 29, 1907, pp. 2134-2144, 

¢ Bone, W. A., and Coward, H. F., The decomposition of hydrocarbons: Jour. Chem. Soc., vol. 93, 
1908, pp. 1197-1225. 

J Whittaker, M. C., and Rittman, W. F., Thermal reactions in carbureting water gas: Jour, Ind. Eng. 
Chem., vol. 6, May 1, 1914, pp. 383-392. 
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between 250° and 400° C., was passed through a commercial crack- 
ing furnace.* In the process each particle of matter was subjected 
to the furnace temperature of 600° to 800° C. for about a minute, and 
then cooled. During this time all the reactions took place and the 
weight of carbon formed was equivalent to 3 per cent to 6 per cent of 
the oil used. 

But the rate of decomposition increases with increase of tempera- 
ture. Experimental evidence of this is given in the following table: 


Cracking effect of temperature on oil at atmospheric pressure.} 
[Based on 400 c.c. oil.) 


Gas at 
ener standard | Carbon. Tar. 
conditions, 


°C. Liters. Grams. C.c. 
650 135 3 


163 
750 18 80 
382 115 il 


With this data as a basis it may be shown that about 41 per cent 
of the oil, on exposure for about one minute to a temperature of 
900° C., decomposed to form fixed carbon. 

The table shows that 3 grams of carbon formed at 650° C. and 115 
grams at 900° C., the temperature difference being 250° C. Using 
the formula 3 x 2"=115, n is found to be 5.26. That is, the rate of 
carbon formation doubled 5.26 times in a 250° rise of temperature; or 
in round numbers it doubled once for each 50° increase. 

With the above figures as a basis for determining the rate of reac- 
tion in coal fires, these calculations may be made: 

At 1,500° C., a moderate temperature for coal fires; the rate of car- 
bon formation doubles twelve times over the rate at 900° C., for 
(1,500 — 900) + 50 =12. 

In consequence the relative proportion decomposed in a minute at 
1,500° C. is 41 per cent x 2" = 167,900 per cent, or 

100 x 60 

167, 900 
sition of the hydrocarbons. 

At 1,800° C., the maximum temperature of a coal fire, hydrocarbons 
can exist, as a similar calculation shows, only 0.0006 of a second. 

Evidently the tar-forming hydrocarbons distilled from burning 
coal can live only a fraction of a second in a moderately rapid fire, and 
in fast-burning, high-temperature fires they decompose almost at the 
instant of formation. Probably the rate of decomposition is limited 
by the rate at which the heat of the hot gases can be transferred to the 
hydrocarbons. 


=0.036 second is the time required for complete decompo- 


a Rittman, W. F., Dutton, C. B., and Dean, E. W., The manufacture of gasoline and benzene-toluene 
from petroleum and other hydrocarbons: Bull. 114, Bureau of Mines, 1916, p. 159. 

b Whittaker, M. C., and Rittman, W. F., Thermal reactions in carbureting water gas: Jour. Ind. Eng. 
Chem., vol. 6, June 1, 1914, pp. 472-479. 
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A comparison of the speed of decomposition in cracking hydrocar- 
bons with the speed of flame propagation and flame reaction is of in- 
terest. In his experiments with mixtures of methane and air, 
Wheeler * found that the maximum speed of the uniform flame, which 
precedes actual explosion, was in a mixture containing 10 per cent 
methane and 90 per cent air and that this rate was only 112 cm. asec- 
ond, the gases being at ordinary temperature before ignition. The 
time of explosion of a mixture of 90 per cent air and 10 per cent coal 
gas on a laboratory scale was 0.13 seconds.’ The time of explosion is 
the time in which maximum pressure develops, but combustion may 
continue some time after. 

The figures above were derived from experiments with light hydro- 
carbons. Heavier, less easily combustible hydrocarbons would un- 
doubtedly require longer times for combustion and their flames would 
propagate slower. But, however that may be, the figures indicate 
that at the high temperatures of flames the cracking proceeds at least 
as rapidly as chemical combination. 


HYDROCARBON EQUILIBRIUM IN COAL FIRES. 


From the ideas preceding the scheme shown in figure 1 has been 
deduced to show reactions and equilibriums in the burning of bitumi- 
nous coal. 

In any fire probably all the reactions indicated in the diagram 
take place except those indicated in the lower parts of the Rittman 
series. Small portions of these lower members may be present only 
in very slow-burning, low-temperature fires. In fast-burning, high- 
temperature fires the more direct decomposition of hydrocarbons to 
light gases and soot becomes so rapid that the reactions that produce 
members of the Rittman series beyond the first or second probably 
cease for want of material. Except for these lower members, the 
diagram is thought to indicate the reactions and equilibriums occur- 
ring in any bituminous coal fire. 


SUMMARY. 


A study of literature on the combustion of gaseous hydrocarbons 
and the thermal reactions of coal and of liquid and gaseous hydro- 
carbons gives a conception of the reactions and equilibriums of the 
matter which composes a coal fire. These reactions are very com- 
plex. 

Although the reasoning used is necessarily speculative, it is being 
applied to the study of combustion by the Bureau of Mines. It is 
hoped that this study will eventually set right any misconceptions or 
errors that may be included here. Meanwhile the ideas are published 
for whatever benefit they may afford. 

a Wheeler, R. V., The propagation of flame in mixtures of methane and air; the “uniform” movement: 


Jour. Chem. Soc., vol. 105, 1914, pp. 2606-2613. 
b Mellor, J. W., Chemical statics and dynamics, 1904, p. 465. 
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PUBLICATIONS ON THE COMPOSITION OF COAL. 


A limited supply of the following publications of the Bureau of 
Mines has been printed and is available for free distribution until 
the edition is exhausted. Requests for all publications can not be 
granted, and to insure equitable distribution applicants are requested 
to limit their selection to publications that may be of especial interest 
to them. Requests for publications should be addressed to the 
Director, Bureau of Mines. 

The Bureau of Mines issues a list showing all its publications avail- 
able for free distribution as well as those obtainable only from the 
Superintendent of Documents, Government Printing Office, on pay- 
ment of the price of printing. Interested persons should apply to 
the Director, Mureau of Mines, for a copy of the latest list. 


PUBLICATIONS AVAILABLE FOR FREE DISTRIBUTION. 


Buiuetin 28. Experimental work conducted in the chemical laboratory of the 
United States fuel-testing plant at St. Louis, Mo., January 1, 1905, to July 31, 1906, 
by N. W. Lord. 51 pp. 

BULLETIN 85. Analyses of mine and car samples of coal collected in the fiscal years 
1911 to 1913, by A. C. Fieldner, H. I. Smith, A. H. Fay, and Samuel Sanford. 1914. 
444 pp., 2 figs. 

Butetin 119. Analyses of coals purchased by the Government during the fiscal 
years 1908-1915, by G.S. Pope. 1916. 118 pp. 

BuLtetin 136. Deterioration in the heating value of coal during storage, by H. C. 
Porter and F. K. Ovitz. 1917. 38 pp., 7 pls. 

TrecHNICAL Parer2. The escape of gas from coal, by H.C. Porter and F. K. Ovitz. 
1911. 14 pp., 1 fig. 


TrcHNICAL ParEeR 5. Constituents of coal soluble in phenol, by J. C. W. Frazer 


and E. J. Hoffman. 1912. 20 pp.,1 pl. 

TECHNICAL ParEr 8. Methods of analyzing coal and coke, by F. M. Stanton and 
A.C. Fieldner. 1913. 42 pp., 12 figs. 

TercunicaL Paver 16. Deterioration and spontaneous heating of coal in storage, a 
preliminary report, by H. C. Porter and F. K. Ovitz. 1912. 14 pp. 

TECHNICAL PaPER 35. Weathering of the Pittsburgh coal bed at the experimental 
mine near Bruceton, Pa., by H. C. Porter and A.C. Fieldner. 1914. 35 pp., 14 figs. 

TECHNICAL Parser 64. The determination of nitrogen in coal, a comparison of 
various modifications of the Kjeldahl method with the Dumas method, by A. C. 
Fieldner and C. A. Taylor. 1915. 25 pp., 5 figs. 

TECHNICAL ParER 76. Noteson the sampling and analysis of coal, by A. C. Fieldner. 
1914. 59 pp., 6 figs. 

TECHNICAL PaPER 98. Effect of low-temperature oxidation on the hydrogen in 
coal and the change of weight of coal in drying, by 8. H. Katz and H.C. Porter. 1917. 
16 pp., 2 figs. 

TECHNICAL PAPER 113. Some properties of the water in coal, by H. C. Porter and 
O. C. Ralston. 1916. 30 pp., 3 figs. 
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TECHNICAL PapPerR 133. Directions for sampling coal for shipment or delivery, by 
G.S. Pope. 1917. 15 pp., 1 pl. 

TECHNICAL PAPER 140. The primary volatile products of the carbonization of coal; 
a sequel to Bulletin 1, The volatile matter of coal, by G. B. Taylor and H. C. Porter. 
1916. 59 pp., 1 pl., 25 figs. 

TECHNICAL PaPeR 148. The determination of moisture in coke, by A. C. Fieldner 
and W. A. Selvig. 1917. 13 pp. 

TECHNICAL PaPER 170. The diffusion of oxygen through stored coal, by 8. H. 
Katz. 1917. 49 pp.,1pl., 27 figs. 

TECHNICAL PaPer 172. Effects of moisture on the spontaneous heating of stored 
coal, by S. H. Katz and H.C. Porter. 1917. 25 pp.,1pl., 8 figs. 


PUBLICATIONS THAT MAY BE OBTAINED ONLY THROUGH THE 
SUPERINTENDENT OF DOCUMENTS. 


BuLueTIn 1. The volatile matter of coal, by H. C. Porter and F. K. Ovitz. 1910. 
56 pp., 1 pl., 9 figs. 10 cents. 

Bu.etin 11. The purchase of coal by the Government under specifications, with 
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